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3ABSTRACT
Several hydromorphological pressures impact Europe‘s surface
freshwaters. Artificial water-level regulation to increase hydroelectric power
production is the most important hydromorphological pressure used in high-
altitude and -latitude lakes. There is a need for changing water-level
regulation practices, due to changing climate, increasing recreational use of
lakes, and implementation of legally binding national targets for
electrification of renewable sources. To obtain more knowledge-based
assessments of new water management regulations, we need to develop
water-level  regulation  assessment  tools  and  to  increase  the  sensitivity  of
ecological classification systems for hydromorphological pressures, as the
European Union Water Framework Directive (WFD) requires. The main
objectives of this study were to 1) develop criteria and threshold values for
assessing the ecological status in regulated lakes, 2) identify both high-
hydrological status and heavily modified lakes and 3) estimate the role of
helophytes in the uppermost littoral zone.
The study was based on analyses of biological and environmental data
from 36 lakes and 478 research sites (aquatic macrophyte transects), 16 lakes
and 48 sites (macroinvertebrates), 23 lakes with an average of 19 sites
(fishes), and hydrological assessment of 105 regulated and 100 reference
lakes representing 56% of the total lake area of Finland.
Various water-level sensitivity metrics were developed for fishes,
macrophytes, and macrozoobenthos to follow the WFD taxonomic features.
Quantitative assessment of helophyte extension was examined in further
detail for the uppermost littoral zone. A management tool was also developed
for identifying those artificially regulated lakes which could be identified and
designated as heavily modified water bodies (HMWBs). Designation as an
HMWB implies fewer environmental objectives and lower costs for water-
resource users and therefore attracts public interest. The management tool
was further used to identify lakes in high hydrological status. The WFD states
that hydromorphological elements should contribute to status classification
only under conditions of high ecological status, but deterioration of high
hydrological status is also prevented.
Impacts of water-level fluctuation on macrophytes, macrozoobenthos,
and littoral fish fauna were clearly evident, and the threshold value between
moderate and good ecological status was a 3.5 m winter water-level
drawdown with the mean ecological quality ratio assessment method (1.8 m
with the one-out-all-out principle). We also suggested that monitoring of
macroinvertebrates and fish in boreal regulated lakes should focus on the
littoral zone.
The vertical extension of Phragmites was most strongly associated with
the  water-level  fluctuation  of  open  water  period  (OWP),  followed  by Carex
4spp. and Equisetum.  Overall,  the  RF  models  explained  4--41%  of  the
variation observed in the helophytes zones. The models indicated that OWP
fluctuation, slope, openness and cover of other macrophyte groups were key
factors explaining the extent of the helophyte zones.
The hydrological regime could be classified as having high hydrological
status in 20% of the regulated lakes. Quite often, the ecological status was
poorer, implying that high-hydrological status lakes often face other
anthropogenic pressures, such as eutrophication that degrades high
ecological status. Provisional designation with hydrological criteria seemed
to work quite well, because 13 of the 15 lakes were estimated similarly with
simple hydrological criteria, compared with the national HMWB designation
only later produced by the environmental authorities.
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1. INTRODUCTION
1.1. HYDROMORPHOLOGY
Many physical modifications such as water abstractions, water-flow
regulations and river straightening, canalization, and disconnection of flood
plains affect Europe‘s surface freshwaters. These modifications are called
hydromorphological pressures. Based on the European Environment
Agency’s (EEA) 2012 assessment, hydromorphological pressures and altered
habitats are the most commonly occurring pressures in rivers, lakes, and
transitional waters and can hence significantly impact the status of waters.
For lakes in Europe, water-level regulation and morphological alteration
were  the  two  most  important  hydromorphological  pressures,  affecting  27%
and  21%  of  the  lakes,  respectively,  while   few  lakes  were  affected  by  water
abstractions and other morphological pressures.
Hydromorphological  pressures  are  the  consequence  of  human activities,
such as hydropower production, flood protection structures, navigation,
agriculture, land drainage, and urban development. In the Nordic and some
central European countries, such as Austria and Switzerland, hydropower
production and flood protection are the biggest human activities. In lake-rich
countries, such as Finland, Sweden, and Norway, flood protection is mainly
based on increase in the storage capacity of lakes by regulating their water
levels. Therefore, the need for constructing flood protection structures, such
as embankments and storage reservoirs, is smaller than in central Europe.
In 2008, hydropower provided 16% of the electricity in Europe and more
than 70% of all the renewable electricity (Eurelectric, 2009). Some countries,
such as Norway and Sweden, obtain even more than 50% of their total energy
need from hydropower. In Finland, hydropower provided 15.1% of the
electricity in 2013 (Finnish Energy Industries, 2015).
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1.2. WATER FRAMEWORK DIRECTIVE
The Water Framework Directive (WFD, 2000/60/EC), which came into
force on 22 December 2000, established a new framework for the
management, protection, and improvement of the quality of water resources
throughout the European Union (EU). Implementation of the Directive is
achieved through the river basin management planning process, which
requires the preparation, implementation, and review of a river basin
management plan (RBMP) every sixth year for each river basin district
(RBD) identified. In all, the EU member states (MS) have designated 174
RBDs, of which 124 RBMPs were published by 2012 (EU Commission,
2012a). The first RBMPs were published in December 2009 and the later
plans not until December 2015.
The EU MS should aim to achieve environmental objectives in all surface
and  ground  water  bodies  by  2015.  In  surface  waters,  the  environmental
objective  is  good  ecological  and  chemical  status  and  in  groundwaters,  good
chemical and quantitative status. If there are grounds for derogation,
achievement of good status may be extended to 2021 or by 2027 at the latest.
Good status implies that certain standards have been met for the ecology,
chemistry, morphology, and hydrology of waters. In general terms, good
status implies that water shows only slight changes from what would
normally be expected under undisturbed reference conditions. There is also a
general statement that deterioration of the status of surface and
groundwaters is not allowed.
The WFD requires that the ecological status assessment and
environmental objectives should be primarily based on biological quality
elements; phytoplankton, other aquatic flora, benthic invertebrate fauna, fish
fauna and hydromorphological and physicochemical elements play
important supporting roles. However, hydromorphological elements
contribute to status classification for bodies of water at high ecological status.
At good and moderate ecological status, hydromorphological conditions are
not defined, but are consistent with the achievement of the values specified
for the biological quality elements.
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On the other hand, the WFD allows MS to designate some of their surface
waters  as  heavily  modified  water  bodies  (HMWBs).  An  HMWB  refers  to  a
body of surface water that as a result of physical alteration by human activity
is substantially changed in character (Figure 1).  WFD Article 4(3) states that
EU MS may designate a surface water body as heavily modified when
1. its hydromorphological characteristics have substantially changed
so that good ecological status cannot be achieved and ensured;
2. the changes needed for the hydromorphological characteristics to
achieve good ecological status would have a significant adverse
effect on the wider environment or specific uses;
3. the beneficial objectives served by the artificial or modified
characteristics of the water body cannot reasonably be achieved by
a better environmental option that is technically feasible and/or
not disproportionately costly.
Figure 1.  Designation process of heavily modified water bodies.
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The designation of a water body as heavily modified means that instead of
ecological status, an alternative environmental objective, called good
ecological potential (GEP), must be achieved, as well as good chemical status.
Otherwise,  the  objective  of  GEP  is  similar  to  that  of  good  status,  but  takes
into account the social and economic constraints caused by existing water
uses (Kampa and Hansen, 2004).
1.3. WATER-LEVEL FLUCTUATION AND ARTIFICIAL
WATER-LEVEL REGULATION
Lake water levels fluctuate naturally as a result of seasonal or long-term
imbalance between the amounts of water entering (by inflow, precipitation,
runoff, and groundwater) and leaving the lake (by evaporation, outflow, and
water supply). The magnitude of these fluctuations is dependent on factors,
such as the morphology of the lake and its watershed, the ratio of their areas,
characteristics and land use of the drainage area, intensity of rainfall events,
and rates of delivery of rainfall or ice-meltwater to the lake, as well as on
factors determining water losses, such as outflow fluxes or wind speed, and
air temperature that impact evaporation (Zohary and Ostrovsky, 2011).
Water-level fluctuations (WLFs) have temporal scales ranging from
seconds to hundreds of years. Fluctuations in lake level resulting from
unbalanced water budgets have long temporal scales from days to years and
are classified as long-term WLFs. In contrast, WLFs generated by
hydrodynamic processes, such as wind-generated waves, have shorter scales
from seconds to hours and are classified as short-term WLFs (Hoffman et al.,
2008).
Lakes fluctuate seasonally between maximum levels, usually at the end of
the rainy season or during snowmelt, and minimum levels at the end of the
dry  season.  In  regions  where  precipitation  occurs  year-round,  two  or  more
water-level peaks are common (e.g. White et al., 2008). Natural WLFs in
freshwater stratified lakes of the temperate and subtropical regions are
typically up to 1.5 m annually and up to 3 m multiannually (Zohary and
Ostrovsky, 2011), although exceptions with considerably greater natural
fluctuations do occur. The annual WLF did not exceed 1.27 m in lakes of the
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Laurentian Great Lakes Region (White et al., 2008). In Finland, annual
WLFs  may  exceed  2  m,  but  are  typically  0.8  m and are  strongly  correlated
with the lake percentage of the drainage basin (Figure 8).
WLF is a complex variable that encompasses not only the range, but also
the frequency and regularity of change (Riis and Hawes, 2002). For example,
seasonal fluctuations are likely to have different effects than those occurring
over periods of years and decades (Keddy and Reznick, 1986). The timing can
also be important in determining community structure, as was shown with
macrophytes (MPs) (Riis and Hawes, 2002). Artificial water-level regulation
may change the timing, frequency, and amplitude of water levels annually
and for periods of years.
In a typical hydropower regulation project in the Northern Hemisphere,
water levels during the summer period are normally high or rising, while
during the winter period, when the need for electricity is normally highest,
the water level is strongly lowered (Figure 2). Flood prevention regulation
follows a similar pattern during winter, but in summer some storage capacity
is left empty to deal with flash floods. If the major objective of the regulation
is  recreation  or  navigation,  the  water  level  is  often  more  stable  than  under
natural  conditions.  If  the  water  level  is  regulated  for  water-supply  use,  the
WLF is more irregular and dependent on the specific use of raw water.
Figure 2. Annual (minimum, average, maximum) water-level fluctuation in Lake
Kemijärvi between 1980 and 1999. The left figure demonstrates the
recalculated natural and the right figure the artificially regulated water levels.
Water-level regulation in lakes in Finland is usually relatively mild in
terms of annual WLF. In half of these projects, the annual WLF was less than
1 m, which resembles the annual natural WLF, although the timing and
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frequency have been changed. The regulation amplitude itself does not
directly  describe  the  magnitude  of  the  ecological  impacts  of  regulation.  For
instance, in Finland lakes are generally much shallower and their water more
colored, and consequently the productive zone is narrower than in lakes in
Norway and Sweden (Marttunen et al., 2006).
Rørslett (1988) defined a hydrolake as a body of water in which the water
levels  are  operated  for  generating  hydroelectric  power  (HEP).  He  also
suggested a classification of hydrolakes and natural lakes into five groups,
based on regulation amplitude and residence time. These groups include:
(H1)  oscillating  hydrolakes  with  very  short  residence  time  and  high  winter
water level; (H2) intermediate reservoirs with short residence time, small to
medium  WLF  (2–4  m),  and  high  winter  water  level;  and  (H3)  storage
reservoirs with long residence time, high WLF (4 m), and considerable
winter drawdown. He further divided natural lakes into (N1) river-run lakes
with  short  residence  time  and  (N2)  other  natural  lakes  with  long  residence
time. The lakes in our study belong to the intermediate (H2) and storage
(H3) reservoirs and natural lakes (N2). Moreover, large mildly regulated
lakes more closely resembled natural lakes than storage reservoirs, although
they were artificially regulated for HEP and flood protection.
1.4. ECOLOGICAL IMPACTS OF WATER-LEVEL
FLUCTUATION
Alterations in water levels often hamper biotic communities in lakes (e.g.
Grimås, 1961; Hellsten, 2000; Zohary and Ostrovsky, 2011; Evtimova and
Donohue, 2016). If these disturbances are intense or frequent, few species
can persist or repeatedly colonize after the disturbances, which may result in
low species richness and diversity (Connell, 1978; Reice et al., 1990; Mackey
and Currie, 2001).
In response to permanent increases in water depth, MPs may undergo
morphological adaptation, driven by elongation of the leaf or stem, to
maintain a viable emergent canopy (Grace, 1989; Blanch et al., 1999a).
However, growth-mediated morphological adaptation requires time to occur.
When environmental changes fluctuate more quickly than the time taken by
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a plant to respond, morphological adaptation will not occur, and the plant
will maintain the intermediate morphology, irrespective of how ill-suited this
is to transient periods of high environmental stress (Vretare et al., 2001).
Aquatic  MPs  growing  in  the  littoral  zone  are  sensitive  to  changes  in  the
WLF regime (Wantzen et al., 2008). The effects are enhanced in lakes
covered by ice, because the effects of downwelling ice are especially harmful
for plants sensitive to freezing (e.g. Rørslett, 1984; Hellsten, 2001). Reports
on the decline of large-sized isoetids such as lake quillwort (Isoetes lacustris
L.) and Dortmann’s cardinalflower (Lobelia dortmanna L.)  have  been
published in northern Scandinavia (Quennerstedt, 1958; Rørslett, 1984;
Rintanen, 1996; Hellsten, 2002) and Scotland (Smith et al., 1987; Murphy et
al., 1990). In addition to the effect of freezing, changes in sediment quality
also significantly affect their distribution (Murphy, 2002). These damages to
the biology in the littoral zone make water-level drawdown a successful
management method for controlling aquatic plants, when so desired (Cooke
et al., 2005).
WLF is also one of the most important determinants of zonation and
species composition of littoral plant communities (Spence, 1982; Blom and
Voesenek, 1996). Both the timescale and the spatial extent of WLFs affect
vertical extension in submerged and marginal vegetation of lakes (Keddy,
1983; Rørslett, 1991; Wilcox and Meeker, 1992; Baastrup-Spohr et al., 2016).
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2. STUDY OBJECTIVES
Implementation of the WFD has led to significant changes in water
management in EU countries. The WFD has also increased general interest
in water issues and integrated water management. On the other hand, there
is pressure to increase future artificial WLFs, due to implementation of
legally binding national targets for electrification for renewable sources
(European Union, 2009; 2009/28/EC). At the same time, climate change
impacts on the hydrological cycle are increasing short- and long-term
variation in water levels. To make water management as knowledge-based as
possible, we need to develop and adapt management tools (Halleraker et al.,
2013).
The main objectives of this study were to develop criteria and threshold
values for assessing the ecological status in regulated lakes, because the
current ecological classification system is not sufficiently sensitive to
hydromorphological pressures, although the WFD emphasizes that it should
be sensitive to anthropogenic pressures. Our second objective was to develop
management tools for identifying high-hydrological status and heavily
modified lakes, because there are few hydrological status assessments
available on lakes that can be used in hydromorphological status
assessments, as required by the WFD (Figure 3).
The WFD requires that the ecological status of lakes should be primarily
measured with “taxonomic composition and abundance” of phytoplankton,
MPs,  phytobenthos,  benthic  invertebrates  (BIs),  and  fish  (FI)  fauna  (WFD,
Appendix  V).  To  quantify  these  structural  features,  metrics  that  change  in
value along a gradient of hydromorphological pressure were developed for
FI, MPs, and BIs (I), and for MP abundance and zonation independently (II).
The association between growth parameters and bottom substrate of
common reed (Phragmites australis (Cav.) Trin. ex. Steudl.) stands was also
determined  (III)  to  understand  how many  factors  other  factors  than  water-
level  impact  common  reed  abundance.  The  common  reed  is  a  generalist
species found on various substrates and dominance in boreal lakes has
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widely been reported (e.g. Brix, 1999; Andersson, 2001; Mäkelä et al., 2004;
Partanen and Luoto, 2006). Moreover, the effect of hydromorphological
transformations  is  the  least  identified  anthropogenic  pressure  for  MPs
(Janauer, 2001).
The differences between regulated and unregulated lakes have been
studied previously (Rørslett, 1988; Rørslett, 1989, Hellsten, 1997), but
hydrological status assessment models mainly focus on rivers (Richter et al.,
1996; 2003; 2006; Black et al., 2000; King et al., 2003; Belletti et al., 2014).
Management tools were developed and tested for their ability to identify
those artificially regulated lakes that could be identified and designated as
HMWBs (IV). Designation as HMWBs implies lower environmental
objectives and also lower environmental costs for current water users.
Therefore, threshold values are of interest to both the public and private
sectors.
The same management tools were further developed and tested for their
ability to identify lakes in high hydrological status (IV). The WFD states that
hydromorphological elements contribute to status classification for bodies of
water only at high ecological status, and therefore precise hydrological
criteria are needed. The WFD also disallows deterioration in the status of
waters, so high-hydrological status lakes should remain in high status, based
on the criteria monitored. Otherwise, the EU MS do not follow the
requirements of the WFD.
Finally, the hypotheses of this study were:
1. Hydromorphology strongly influences the  ecological status of lakes
2. WLFs  can  be  used  to  identify  high-hydrological  status  or  heavily
modified lakes
Figure 3.  Framework and key linkages of this study.
Water-level
fluctuation
(WLF)
Ecological status of regulated lakes
(macrophytes, macroinvertebrates and fishes)
(I, II)
Other stressors
Case helophytes
(II, III)
Identification of lakes in
high hydrological status (IV)
Identification of heavily
modified lakes (IV)
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3. STUDY AREA
This thesis is based on analyses of biological and environmental data from
36 lakes and 478 research sites (MP transects), 16 lakes and 48 sites (BIs), 23
lakes with an average of 19 sites (FI) (I, II), and hydrological assessment of
105 regulated and 100 reference lakes from the boreal region in Finland (IV).
The biological field data consist of surveys of MPs (I--III) and samples of BIs
and  FI  (I).  Other  field  data  consist  of  water-quality  measurements  (I--III),
lake morphology (area, depth, slope S) and bottom substrate measurements
(II, III), and sediment content measurements (III). The lakes for hydrological
assessment are presented in Appendix 1.
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Table 1. Characteristics of the study lakes sorted mainly by increasing winter drawdown.
The sampled organism groups are also indicated. Article I lakes in normal font
and article II lakes in boldface and italics. Article III deals only with Lake
Päijänne. Winter drawdown is the average of daily water-level values for the
years 1980--1999. Water color and total phosphorus (P) are the median values
of the summer period (June--August) surface water for the years 1990--1999.
Lake Status
Winter
drawdown
(m)
Surface
area
(km2)
Mean
depth
(m)
Color
(mg
Pt/l)
Total
phos-
phorus,
P (μg/l)
Macro-
phytes
Benthic-
inverte-
brates Fish
Tyräjärvi Reference 0.09 25 3.7 32 18 X
Piispajärvi Reference 0.21 13 3.6 50 12 X
Simojärvi Reference 0.22 55 5.0 33 9 X X
Kivesjärvi Reference 0.27 26 4.1 60 14 X
Pesiöjärvi Reference 0.27 13 4.2 50 12 X
Miekojärvi Reference 0.27 53 5.2 60 15 X
Kuohatti Reference 0.28 11 5.6 70 11 X
Saarijärvi Reference 0.30 6 6.6 50 6 X
Änättijärvi Reference 0.32 24 9.7 60 9 X X X
Lentua Reference 0.40 78 7.4 50 9 X X X
Jormasjärvi Reference 0.41 20 5.8 90 13 X X
Kellojärvi Reference 0.43 22 5.0 80 16 X X X
Pielinen Reference 0.48 984 10.4 50 10 X
Lammasjärvi Reference 0.55 47 4.2 60 13 X X
Keitele Reference 0.21 494 7.3 24 7 X
Kallavesi Regulated 0.28 473 8.9 50 18 X
Päijänne Regulated 0.44 1116 16.2 35 15 X
Vanajavesi Regulated 0.71 160 7.1 50 38 X
Näsijärvi Regulated 1.01 256 14.1 45 14 X
Iijärvi Regulated 1.19 22 5.2 70 16 X X X
Hyrynjärvi Regulated 1.30 18 5.8 70 12 X X
Iso-Kiimanen Regulated 1.43 31 3.8 54 19 X X
Nuasjärvi Regulated 1.52 96 8.5 60 14 X X X
Oulujärvi Regulated 1.54 887 8.4 57 14 X X X
Raanujärvi Regulated 1.75 25 6.0 53 19 X
Koitere Regulated 1.76 164 8.2 70 11 X X X
Yli-Suolijärvi Regulated 2.27 33 4.0 40 11 X
Iso-Vietonen Regulated 2.62 36 5.5 65 18 X
Kiantajärvi Regulated 3.12 188 7.6 60 11 X X X
Irnijärvi Regulated 3.24 32 5.6 40 12 X X
Iso-Pyhäntä Regulated 3.50 12 6.9 85 16 X X X
Ontojärvi Regulated 3.51 105 5.8 60 15 X X X
Kostonjärvi Regulated 4.02 44 5.1 40 11 X X
Vuokkijärvi Regulated 4.71 51 5.0 70 18 X X X
Kemijärvi Regulated 6.75 206 5.5 80 16 X X X
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4. MATERIAL AND METHODS (DATA
SOURCES)
4.1. WATER-LEVEL DATA AND REGCEL MODEL (I, II,
IV)
The water-level data were received from the Finnish Environment
Institute's HERTTA database (http://www.syke.fi/avointieto) as daily values
for  a  20-year  (1980–1999)  period,  excluding  article  II,  in  which  the  water-
level data included values for the preceding 10-year period before the
fieldwork.
Daily water-level parameters were calculated with the Regcel water-level
analysis model. The Regcel model enables assessment of the major ecological
and social impacts of lake regulation. It consists of five variables and 16
indicators inside the variables (Figure 4). The identification of the water-
level characteristics as indicators was done in several research projects
published in a review by Marttunen et al. (2001) and Hellsten et al. (2002).
The indicators describe the impacts of water-level regulation on aquatic MPs,
BIs, FI, nesting waterfowl, and recreational use.
The Regcel indicators are calculated from daily water-level observations
(m above sea level a.s.l.). Water color (mg platinum Pt l-1), maximum ice
thickness (m) and ice-off (IO) and ice-on (IN) days are required as
complementary data.
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Figure 4.  All variables and indicators of the Regcel model.
The  magnitude  of  the  spring  flood  (A)  describes  the  impacts  on  the
zonation of aquatic MPs and paludification of lakeshores. It was calculated as
the difference between the highest water-level of the spring period and the
50% duration of the water levels of the open-water period (OWP) (Table 2).
The maximum vertical extension of the sedge zone (B), calculated as the
difference between the 10% duration and the 75% duration of the water levels
of  the OWP, describes the impacts on the zonation of  the aquatic  MPs.  The
magnitude  of  winter  drawdown  (C)  demonstrates  the  impacts  on  freezing-
sensitive MP species, BI species, and FI eggs. The minimum water depth (m)
in the sedge zone during the spawning of northern pike (Esox lucius L.) (D)
describes the impacts on spring-spawning FI. It is calculated as the
difference between the lowest water-level during the IO month and the 75%
duration of the water levels of the OWP. Water-level rise during the nesting
of  waterfowl  (E)  illustrates  the  impacts  on  those  nesting  birds  that  may
drown as a result of water rise. It is calculated as the difference between the
starting day water level and highest water-level of the average nesting period.
The nesting period lasts for 4 weeks, beginning 2 weeks after IO.
REGCEL variables and indicators
MACROPHYTES BENTHICFAUNA FISHES
RECREA
TION
HELOPHYTES
Carex belt
Equisetum
Phragmites
LARGE ISOETIDS
Isoetes lacustris
Lobelia dortmanna
BoatingUsability ofshoresWhitefish
Northern
pike
Methods for calculating
vertical extension
•Northern pike: Minimum water
depth in the Carex belt during
spawning of northern pike (m)
•Whitefish: Water-level  drawdown
during winter (m)
•Water-level drawdown during winter (m)
•Proportion of the disturbed productive
zone (%)
•Water-level during ice-off
•Water-level fluct. during re-creational period
•Water-level difference from open water mean
•Number of days unsuitable for boating
•Springs with muddy shores
Fishing Landscape
BIRDS
•Water level rise during nesting
period (m)
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Table 2. Regcel model indicators and their calculation principles.
Indicator Calculation principle
Aquatic
macrophytes
(A) Magnitude of spring flood (m) HW_spring period  – W50_OWP
Aquatic
macrophytes
(B) Maximum vertical extension of
the Carex spp. zone (m)
W10_OWP  – W75_OWP
Benthic fauna
and fish
(C) Magnitude of winter drawdown =
water-level decrease during the ice-
cover period (m)
W_IN – NW_ICP
Fish
(D) Minimum water depth in the
Carex spp. zone during the
spawning of northern pike (m)
NW_(IO - IO +1 month) – W75_OWP
Waterfowl
(E) Water-level rise during the
nesting of birds (m)
HW_nesting – W_(IO +2 week)
W = observed water level (m, a.s.l.), HW = highest observed water level, NW = lowest observed
water-level, W10 = 10% duration of the water levels of the calculation period, W50 = 50%
duration of the water levels of the calculation period, W75 = 75% duration of the water levels of
the calculation period, IO = ice-off date, IN = ice-on date, OWP = open-water period, stretch of
time from the IO  day to the IN day, ICP = ice cover period, stretch of time from the IN day to the
IO day, Spring period =  stretch of time from 2 weeks before IO to 4 weeks after IO (in all, 6
weeks), Nesting =  stretch of time from 2 weeks after IO to 6 weeks after IO (in all, 4  weeks).
4.2. AQUATIC MACROPHYTE SURVEYS (I, II)
MPs were surveyed in July--August 1996–2004 from 27 of the lakes
(Table 1),  using the main belt  transect  method (Hellsten,  2000; Hellsten et
al., 2002). In each transect, a 10-m-wide sector perpendicular to the
shoreline, starting from the supralittoral and ending at the lower sublittoral,
was  defined.  This  sector  was  further  divided  into  main  zones,  based  on
aquatic MP life forms and dominant species. The widths and water depths in
the lower and upper ends of these zones were measured in all transects with
rod reading, in relation to the absolute current water levels (a.s.l. +m). In
each transect, the MP species were identified and their frequencies estimated
on a percentage scale: < 0.5%, 0.5–1%, 1–5%, 6–25%, 25–50%, 51–75%, and
76–100%. The MP species were defined broadly so that both aquatic species
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and species present in the shore vegetation (e.g. tall-sedge species (Carex
spp.)  vegetation)  were  recorded.  Aquatic  mosses  and  algae  were  not
recorded. The methodology differed slightly from that of the current main
belt transect methodology used in national aquatic MP monitoring (Leka et
al., 2003).
4.3. BENTHIC INVERTEBRATE SURVEYS (I)
The BIs were sampled in September--October in 2002–2004 from 16 of
the lakes (Aroviita and Hämäläinen, 2008, Table 1). Three well-separated
stony littoral sites were sampled in each lake. From each site, three replicate
20-second kick-samples, each representing a 1-m stretch, were taken with a
0.5-mm  mesh  hand  net  at  depths  of  app.  0.4  m  (Tolonen  et  al.,  2001,
Johnson and Goedkoop, 2002). All samples were sieved with 0.5-mm mesh
and preserved in 70% ethanol in the field. In the laboratory, all BIs were
sorted, identified to the level of species or genus (except for the Oligochaeta,
mites,  and  dipteral  families)  and  counted.  All  nine  replicates  per  lake  were
pooled for the analyses.
4.4. FISH SURVEYS (I)
Littoral  FI  were  sampled  in  August  2003–2007  from  23  lakes  by
electrofishing  (Sutela  et  al.,  2011,  Table  1).  The  number  of  electrofishing
events increased with lake area and was, on average, 19 per lake. The
sampling sites were selected at random, and only nonwadable rocky shores
were excluded. Stony bottoms predominated in the electrofished areas
(Sutela et al. 2011). The average depth in the sampled 100-m2 areas was
30 cm. Each area was fished once by two waders, one using the anode and an
assistant collecting the stunned FI with a dip net. Escape nets were used only
in some exceptionally pure sandy bottoms having no stones or vegetation
that could offer a hiding place for the FI. All captured FI were identified and
counted. The total length (TL) of each FI was measured to the nearest 1 mm,
and the pooled individuals of each FI species were weighed to the nearest
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0.1 g. The FI densities presented represent the catch of one electrofishing
run.
4.5. EXPOSURE AND SLOPE OF SHORES (II, III)
The shape of each aquatic MP transect’s shoreline was explored on basic
maps  (scale  1:20  000)  as  an  angle  by  setting  the  center  of  a  circle  with  a
2.5-cm radius on the shoreline (Palomäki, 1993). These radii represent a 0.5-
km  distance  in  the  field.  The  opening  angle  of  the  shore  was  measured  in
degrees from the perimeter of the circle. Therefore, bays have values less
than  180°  degrees  and  capes  more  than  180°  degrees.  The  S  of  the  littoral
was calculated as an inclination (%) between the various depths. In practice,
water  depth  and  distance  to  the  shoreline  were  measured  at  the  beginning
and end of each MP life form.
4.6. SEDIMENT AND PHRAGMITES SAMPLES (III)
The sediment and Phragmites samples were collected on three common
reed-dominated shores of Lake Päijänne. Analysis of the sediment samples
included dry mass, organic matter content, carbon/nitrogen (C/N)
association and in situ redox potential. Measurements of the Phragmites
stands included stem density and stem length, as well as above- and
belowground biomass.
The sediment samples were obtained from depths of 0--20 cm below the
sediment surface. The plant litter was separated immediately from the
sediment cores and quantified separately. The Phragmites belowground
biomass samples were taken as deep below the surface as possible, but due to
the  hard  bottom substrate,  samples  only  up  to  a  depth  of  50  cm below the
sediment surface could be obtained. Two duplicates were always collected,
which  included  42  samples.  The  minielectrode  measurements  of  O2 were
carried out with Diamond Generals microsensor II equipment (Hellsten and
Väisänen, 1998). The measurements were carried out on the shore
immediately after sampling. The redox potential was measured with a WTW-
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90 meter equipped with Schott-Geräte electrodes (formerly Schott-Gerät
GmbH, Hofheim, Germany; now Xylem Inc., Rye Brook, NY, USA).
4.7. ENVIRONMENTAL DATA (I, II, IV)
The water-quality parameters consisted of median values of total P and
water color for the period 1990--1999 for each lake (I, II). Color and total P
were used as background information in articles I and II. IO and IN data
were not available from all study lakes in all years, but missing values were
replaced with data from the lake representing the same geographic location
and characteristics (IV). Information on 100 reference lake characteristics
(lake area, lake volume, area of the drainage basin, lake percentage of the
drainage basin, theoretical retention time) was primarily collected from the
Finnish Environment Institute's HERTTA database
(http://www.syke.fi/avointieto) and hydrological publication (Ekholm, 1993)
(IV).
4.8. METRICS (I, II)
4.8.1. ECOLOGICAL QUALITY RATIO (I)
Biological assessment results need to be expressed, using a numerical
scale between 0 and 1, the ecological quality ratio (EQR). The WFD states
that the purpose of expressing results as an EQR is to ensure comparability
between different assessment methods.
The status of MPs was measured by the occurrence of taxa specific to
reference lakes (MP-O/E, i.e. the observed-to-expected ratio of taxa; Moss et
al., 1987, Aroviita et al., 2008), abundance of all observed species (MP-AA;
Keto  et  al.,  2006)  and  with  abundance  of  WLF-sensitive  species  (MP-AS;
Hellsten, 2002).
The status of BIs was also measured by the occurrence of taxa specific to
the reference lakes (MI-O/E; Moss et al., 1987; Aroviita et al., 2008) with
percent model affinity (MI-PMA; Novak and Bode, 1992), which compares
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the taxonomic composition observed (relative abundances of taxa) in a lake
with the taxonomic composition of an average reference (model) assemblage,
and with the Ephemeroptera, Plecoptera, Trichoptera (EPT)/non-EPT taxa
ratio (MI-EPTR; Keto et al., 2008).
The status of the FI fauna was measured with total density of FI (FI-TD),
proportion of disturbance-sensitive (DS) species (in biomass, FI-DS), and
occurrence of juveniles in DS species (FI-OJ) (Sutela et al., 2011).
The WFD requires that the ecological status of a body of water should be
defined relative to its deviation from reference conditions, i.e. the expected
ecological quality in the absence of anthropogenic influence (2000/60/EC).
First, the EQRs (2000/60/EC; common implementation strategy CIS,
2003a) for each metric were calculated as:
(1) EQRoriginal = observed value/mean value among reference lakes.
Next, the 25th percentile was estimated from the reference lake EQRoriginal
distribution (EQR25th) of each metric and used as a boundary between the
quality classes high and good. To standardize the EQRs onto a common scale
and to enhance comparability among the metrics, a linear rescaling was
performed, in which EQR25th was anchored to EQRrescaled value 0.8 (CIS,
2003a):
(2) EQRrescaled = (0.8/EQR25th) * EQRoriginal
The quality classes from good to bad were then set  at  even widths along
the rescaled EQR range from the high/good boundary (0.8) to 0, so that the
classes  and  EQR boundaries  settled  as  follows:  High  ≥ 0.8  >  Good ≥ 0.6  >
Moderate  ≥ 0.4  >  Poor  ≥ 0.2  >  Bad  ≥ 0.  The  average  EQR  value  (also
rescaled) of the three metrics was used to represent the status of each
organism group. These average EQRs of MPs, BIs, and FI were combined in
an overall EQR with minimum (one-out-all-out (OoAo) principle prescribed
by a guidance document on the implementation of the WFD; CIS, 2005) and
alternatively by average. In the OoAo principle, the organism group
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(biological quality element) indicating the lowest status determines the
overall ecological status.
The  strength  of  the  association  between  the  individual  metric  EQRs
(rescaled) and winter drawdown (m) was analyzed with the Pearson
correlation coefficient. Linear regression analysis was used to quantify the
associations between the quality status of the biotic groups (mean EQR over
metrics or groups) and winter water-level drawdown. In each case, the linear
regression model was used to estimate the critical drawdown level that would
allow for ‘Good’ status class, i.e. the lowest acceptable status in the WFD (I).
4.8.2. MODELING HELOPHYTE ZONATION PATTERNS (II)
Since water-level is a lake specific factor, we further rescaled each in situ-
measured upper and lower limit of the helophyte zone with the average ten-
year water-level of the OWP in each transect in each lake as:
(3) yi = xi - OWPi
where:
yi = rescaled upper or lower limit (m) of each helophyte zone in relation to
ten-year average water-level of the OWP
xi =  measured  upper  or  lower  limit  value  of  each  helophyte  zone  (a.s.  l.
+m)
OWPi = ten year average water-level of the OWP (a.s.l. +m)
This  allowed  us  to  make  the  upper  and  lower  limit  values  of  helophyte
zones comparable between lakes.
After  that,  we  used  Random  Forest  (RF;  Breiman  2001)  models  to
explore, identify, and quantify the relationships between lake water-level
regulation, site-specific environmental variation, and helophyte zonation. RF
models can be used for classification and regression and are a powerful tool
for detecting and modelling complex relationships between many predictor
variables simultaneously (Cutler et al., 2007).
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Finally, we used partial-dependence plots (De'ath 2007) to show the
relationships between the helophyte zone levels and each of the important
predictor variables. The partial-dependence plots characterize the average
unique effect of each predictor on the response variable. Therefore, in the
partial dependence plots we were able to separate the unique effects of the
regulation pattern (OWP fluctuation) to the helophyte zone levels and of the
site-specific environmental variables on the helophyte zone levels.
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5. RESULTS AND DISCUSSION
5.1. DEFINING THE ECOLOGICAL STATUS OF
REGULATED LAKES (I)
All  EQR  metrics  of  the  littoral  MP,  BI,  and  FI  assemblages  indicated
negative responses to increasing winter drawdown, with statistically
significant (p < 0.05) correlation (Figure 5). The two highest correlation
coefficients were recorded with taxa specific for the reference lake metrics of
the  MPs  and  BIs.  Winter  drawdown  explained  89%  of  the  variation  in  the
overall EQR (mean over three groups) and 66% of their minima respectively.
The results were used to estimate the critical level in winter drawdown
when the ecological status falls below Good. The fitted regression line of the
EQR  crossed  the  boundary  between  Good  and  Moderate  status  (0.6)  at  a
winter  drawdown  of  3.46  m  with  the  mean  EQR  and  at  1.76  m  with  the
minimum EQR.  Of  the  nine  regulated  lakes  with  all  three  organism groups
sampled, Lake Kemijärvi was the only lake in which all the groups indicated
similar ecological quality class. Similar results with MPs were recorded with
stands of Isoetes lacustris, seeming to disappear when winter drawdown
exceeded 3.5 m (Mjelde et al., 2013).
The  results  could  be  used  for  two  purposes.  First,  the  regression  model
could be used to model the target levels for water-level regulation for
attaining defined environmental objectives. These could aid regional
environment authorities in designing mitigation measures and improving the
cost efficiency of implementation of RBMPs. For water-level regulation, a
relatively rapid recovery of the littoral biota could be expected, if lake
management practices were changed sufficiently, at least for BIs (Hynes and
Yadav, 1985). Recovery of MPs may have been delayed, because sometimes
ice-push during late winter and early spring could have caused the local
destruction of vegetation (Liira et al., 2010).
Secondly,  the  same  results  could  also  be  used  to  identify  HMWBs.  In  a
later chapter, we describe in further detail the approach developed for
identifying HMWBs.
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Figure 5.  Associations between mean EQRs (rescaled ecological quality ratio) and water-
level drawdown for three organism groups for the 12 lakes with data of all three
groups and their mean and minimum EQRs in nonregulated reference (open
dots) and regulated (black dots) lakes (I). In each panel, the solid line denotes the
fitted linear regressions, and the dashed line indicates EQR = 0.6
(Good/Moderate status class boundary).
The minimum EQR implies the same as using the OoAo principle
suggested by the WFD guidance document (CIS, 2005) for combining the
classification scores from different biological elements. It downgraded lakes
unjustifiably in some studies (Alahuhta et al., 2009; Moss et al., 2003;
Søndergaard et al., 2005). If results are combined using the OoAo principle,
reliable  metrics  tend  to  be  overruled  by  less  reliable  metrics  in  a  large
proportion of water bodies. Alternative approaches to the OoAo principle
could be considered when pressures are more specifically taken into account
(Nõges et al., 2009).
Basically, we considered it justified that all three organism groups
examined should together and coequally impact the overall ecological status
assessment and, therefore, we introduced use of the mean EQR principle for
consideration. This approach was also used in the ecological classification of
lakes and identification of HMWBs. However, the minimum EQR (OoAo)
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principle  could  be  justified  in  some  cases,  because  it  closely  follows  the
precautionary principle (European Commission, 2000; Cooney and Dickson,
2005). Finally, we achieved no clear preference in choosing either of the two
approaches.
Although assessment of the ecological status of regulated lakes based on
littoral MP, BI, and FI assemblages indicated strong response to winter
drawdown within each of these organism groups, there was rather wide
mutual variation. Related studies of boreal lakes that have focused on
eutrophication have also reported wide variation among assessments of
multiple organism groups (Alahuhta et al., 2009; Rask et al., 2011). In
general,  FI  indicated  Poor  or  Bad  status  more  often  than  did  MPs  or  BIs.
Our  pairwise  comparisons  indicated  the  strongest  correlation  between  BI
and FI EQRs, which supports the prevalence of these causal mechanisms.
Thus, reduced abundance or altered composition of littoral BIs may induce
important consequences for whole-lake food webs and functioning of the
ecosystem, e.g. as FI food and in recycling detrital material (France, 1995).
Standard WFD monitoring typically focuses on the pelagic zone, where
the biota may respond mildly to winter drawdown (Sutela et al., 2011). In
regulated lakes, it could be reasonable to focus monitoring on the littoral
zone to identify the impacts of essential anthropogenic pressure. Moreover,
the littoral biota play a significant role in whole-lake food webs and, thus,
form an inherent constituent of lake ecosystem structure and function (e.g.
Hampton et al., 2011; Vander Zanden et al., 2011).
5.2. ENVIRONMENTAL FACTORS DEFINING
HELOPHYTE ZONATION (II)
Carex spp.  zone was located on average between 9 cm above and 20 cm
below the average water-level of the OWP (Figure 6A). The Equisetum zone
ranged on average from 16 cm below to 88 cm below the average water-level
of the OWP (Figure 6B). The Phragmites zone ranged on average from 4 cm
below to 95 cm below the average water-level  of  the OWP (Figure 6C).  The
smallest deviation appeared for the upper zone limits of Carex spp. and
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largest for those of Phragmites,  but  there  was  considerable  variation  both
among and within lakes (Figure 6).
Figure 6.  Variation in the extension (i.e., lower and upper limits) of Carex spp. (A),
Equisetum (B) and Phragmites (C) zones in the five study lakes. The thick line
represents the median, the boxes show the first and the third quartiles, the
whiskers the variation outside the quartiles and the dots outliers. The zone limit
values are shown in relation to the average water-level of open water period
(OWP, shown with a horizontal dashed line).
The Random Forest modelling revealed that the upper zone limit of Carex
spp. was most strongly associated with the OWP fluctuation and moderately
associated with the elodeid frequency, which explained 41% of the variance.
The lower zone limit of Carex spp.  was  most  strongly  associated  with  the
OWP fluctuation and moderately related with the frequencies of Equisetum,
elodeids and Glyceria.
The upper zone limit of Equisetum was most strongly associated with the
openness  of  the  shore,  but  the  model  explained  only  4%  of  the  variation.
Frequencies of elodeids, Glyceria and Equisetum were of moderate
importance to the upper zone limit of Equisetum. The model for the lower
zone limit of Equisetum explained  31%  of  the  variation  and  was  most
strongly associated with the slope of the shore and moderately associated
with the OWP fluctuation and frequency of Carex spp.
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The upper zone limit of Phragmites was  only  associated  with  the  OWP
fluctuation  (5%  of  the  variance  explained).  The  lower  zone  limit  of
Phragmites was  most  strongly  associated  with  the  slope  of  the  shore  and
moderately with the OWP fluctuation and frequency of nymphaeids. The
model explained 29% of the variation.
Results indicated strong dependence of vertical extension of Carex spp.
and Phragmites zones to the water-level fluctuation of OWP. In addition, five
of  six  RF  models  (two Carex models, two Phragmites models and one
Equisetum model) showed that the water-level fluctuation of the OWP was
the most important or second most important variable explaining the
helophyte upper or lower limits. However, the results showed that water-
level parameters alone do not adequately explain the location of the
helophyte zones. Rather, models with both water-level and site-specific
environmental variables better predicted the location of the upper and lower
limits of the helophyte zones. Water-level fluctuation and local environments
explained a varying degree (4--41%) of the variation observed in helophytes
zonation.
5.3. IMPACT OF SEDIMENT CONTENT ON PHRAGMITES
GROWTH (III)
The total organic matter content was measured in three Phragmites-
dominated transects. Subareas included open to sheltered shores, and the
organic content of the sediment varied between 2% and 10% on average. The
amount of organic matter also increased with increasing depth in all
transects.
The Phragmites density  negatively  correlated  with  the  C/N  relationship
(-0.579,  p  =  0.12)  and  organic  content  of  the  sediment  (-0.488,  p  =  0.33).
The Phragmites belowground biomass was significantly and negatively
correlated with litter parameters, such as litter thickness (-0.529, p = 0.039)
and organic content (-0.539, p = 0.035). The Phragmites aboveground
biomass was also significantly and negatively correlated with the litter
parameters and C/N relationship (-0.521, p = 0.034). The total Phragmites
biomass was most significantly and negatively correlated with the litter
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organic  content  (-0.528,  p  =  0.026).  The  O2 consumption in the sediment
was  also  strongly  correlated  with  the  aboveground  biomass  of Phragmites
(-0.753, p = 0.071).
Van Der Putten et al. (1997) showed that Phragmites biomass production
is  significantly  reduced  when  the  substrate  contains  at  least  5.5%  organic
matter. In the most sheltered transect, the average organic matter content of
the  substrate  was  10%,  and  the Phragmites biomass  was  25%  of  the  total
biomass  in  the  open-shore  transect.  In  the  open-shore  transect,  the
Phragmites biomass also increased from the shore to the lake at  all  sample
sites, but in the sheltered transect, where the organic content was relatively
high, the biomass decreased rapidly below a depth of 25 cm (Figure 7).
Figure 7. Phragmites above- and belowground dry matter (DM) biomass at sample sites of
the various transects (A, B, and C).
In  the  Lake  Päijänne  case  study,  the  common  reed  beds  expanded  as  a
result of a lowered early summer water-level caused by regulation; likewise,
other large regulated lakes have shown similar regulation patterns (Partanen
and  Hellsten,  2005).  Expansion  of  common  reed  has  also  caused  organic
matter accumulation inside the vegetation, because the decomposition rate
in water is low, and therefore the common reed expansion may have been
temporal. Mäemets et al. (2010) observed in the hypertrophic southern part
of  Lake  Peipsi  that  common  reed  has  stopped  increasing  and  the  mean
biomass has slightly declined in comparison with 1988–1989. The decline of
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common reed has already been observed in central Europe by Ostendorp
(1989) and is associated with the effects of litter on growth conditions (Van
der Putten, 1993).
In the zones of emergent MPs, the major source of organic matter is the
standing vegetation itself. The role of organic matter in spatiotemporal
changes of littoral vegetation could therefore be more important in systems
with stagnant water levels than in systems where the water table fluctuates,
either  tidally  or  annually  (Van  der  Putten  et  al.,  1997).  This  is  the  case  in
large lakes in Finland. Although their water levels change annually, these
changes occur relatively slowly.
5.4. IDENTIFICATION OF HIGH-HYDROLOGICAL
STATUS OR HEAVILY MODIFIED LAKES (IV)
The total area of the hydrological assessment of 105 regulated and 100
reference lakes was 18 167 km2, which accounts for 56% of the total lake area
of 32 600 km2 in Finland. Analysis showed that the ecological status was
poorer in the regulated lakes, based on all five ecological indicators of Regcel
(IV). In this chapter, we focus on demonstrating how the results were used to
develop assessment methods for identification of high-hydrological status or
heavily modified lakes.
5.4.1. HIGH-HYDROLOGICAL STATUS LAKES
The identification of hydrological reference conditions (high hydrological
status) in lakes included several phases (Figure 8). In the first phase, the
most important drainage area and lake characteristics affecting the normal
WLF  of  a  lake  were  determined.  Correlation  between  the  annual  WLF  and
the lake percentage of the drainage basin explained nearly 70% of the annual
WLF. Variation in the annual WLF between lakes was quite large and
weakened the resolution power of the hydrological indicators. Therefore, the
lakes  were  divided  into  three  groups,  based  on  the  lake  percentage  of  the
drainage basin. The division percentages of the three groups, < 7%, 7–15%,
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and > 15%, were based on expert judgement of the data available, because no
scientific background provided the basis for definition of a certain division
(Figure 9).
Figure 8.  Steps for determination of the hydrological status of lakes.
Figure 9. Association between the lake percentage of a drainage basin and the annual
water-level fluctuation. Division into three types was based on expert judgement.
Lake percentage of watershed (3 types)
1. DETERMINATION OF MAIN FACTORS
AFFECTING ON WATER LEVEL
FLUCTUATION
Winter drawdown
2. SELECTION OF WATER LEVEL
FLUCTUATION PARAMETER
3. DETERMINATION OF THRESHOLD
VALUE FOR DIFFERENT WATERSHED
TYPES
Applying of 90 % criteria
4. DETERMINATION OF CLASSIFICATION
PRINCIPLES
Criteria not fulfilled One or both criteria fulfilled
HIGH HYDROLOGICAL
STATUS
HYDROLOGICAL STATUS
GOOD OR POORER
Extension of spring flood
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The second phase of the analysis included selection of the ecologically
most relevant water-level indicators. The choice of the indicators was based
on previous studies (e.g. Rørslett, 1991; McClain et. al., 2003; Junk and
Wantzen,  2006;  Keto  et.  al.,  2006;  Aroviita  and  Hämäläinen,  2008;  Sutela
and  Vehanen,  2008).  The  first  indicator,  water-level  drawdown  during
winter, is an ecologically important indicator in northern lakes. It
demonstrates the impacts on freezing-sensitive MP species, BI species, and
FI eggs. The second indicator, size of the spring flood, demonstrates the
impacts on spring-spawning FI and helophytes. Flood pulses represent
biochemical hotspots for the ecosystem. The timing of the flood cycle during
the activity period of the biota is crucial for the biologically mediated matter
turnover. Water-level drawdown, as well as excessive flooding and/or altered
timing  of  the  minimum and maximum water  levels,  can  lead  to  loss  of  MP
species  and  abundance,  because  their  physiological  capabilities  will  be
surpassed (Zohary and Ostrovsky, 2011).
In the third phase, the limit values for the water-level indicators were
determined. When water-level drawdown during winter and magnitude of
the  spring  flood  values  were  within  90%  of  all  observations  from  the
unregulated lakes of the same type, they were accepted as high- hydrological
status  values.  In  other  words,  the  boundary  value  for  high  and  good
hydrological status was set on the 10th percentile in unregulated lakes. This
was lower than the boundary in ecological status assessment, where the 25th
percentile was estimated from the reference lake as the boundary between
quality classes high and good (see chapter on metrics for the EQR).
Finally, the classification principles were determined. Those lakes in
which both the winter drawdown values were lower than the threshold values
and the magnitude of the spring flood values was higher than the limit values
were  classified  as  high  hydrological  status.  In  contrast,  other  lakes  were
assigned  a  lower  hydrological  status.  This  approach  resembles  the  OoAo
principle prescribed by a guidance document on the implementation of the
WFD (CIS, 2005).
For example, in 15 out of the 57 regulated type-II lakes, the winter
drawdown was less than the limit value. Furthermore, the spring flood values
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were higher than the limit value in 24 regulated lakes (Figure 10). Both of the
classification principles were fulfilled in nine lakes. Although nine lakes were
identified  as  being  in  high  hydrological  status,  only  two  were  in  high
ecological status. Other anthropogenic pressures, mainly diffuse loading,
resulted in lower overall status in most lakes (Hertta database 2016, Finnish
Environment Administration).
Figure 10.  Histogram of the comparison of the winter drawdown (A) and the spring flood (B)
values of the regulated and unregulated type-II lakes. The vertical lines describe
the limit values.
The results of the analysis showed that 24 of the 105 regulated lakes
(20%) were in high hydrological status. This implies that the hydrological
regime reflects totally or nearly totally undisturbed conditions. In all, six of
24 high-hydrological status lakes were also in high ecological status, seven in
good  ecological  status,  and  11  less  than  good  status,  respectively  (Table  3).
Based on our results, the hydrological regime does not risk the achievement
of high ecological status in mildly regulated lakes. Quite often, the status of
biological quality elements and/or physicochemical quality elements seems
to be worse (Rask et al., 2011). Eutrophication, caused by diffuse loading, is
often a significant pressure in mildly regulated lakes and downgrades the
overall status of lakes.
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Table 3. Comparison of hydrological and ecological status classes of high-hydrological
status lakes. Ecological status is based on results in the Hertta database 2016
(Finnish Environment Administration).
Status class Hydrological status Ecological status
High 24 6
Good 0 7
Moderate 0 9
Bad 0 2
Poor 0 0
5.4.2. HEAVILY MODIFIED LAKES
The  magnitude  of  winter  drawdown  was  used  as  an  indicator  in  the
designation of heavily modified lakes. The limiting value of magnitude of
winter drawdown for the designation HMWB was based on previous studies
(see chapter on high hydrological status). Since the previous analysis was
based on a majority of large and relatively deep lakes, the winter drawdown
association  with  the  mean  depth  was  selected  to  describe  changes  in  small
and  shallow  lakes.  The  analysis  was  carried  out  for  the  same  81  regulated
lakes that were in good or poorer status, based on the previous high-
hydrological status assessment.
Nearly 70% of the regulated lakes had winter drawdown of less than 1 m
or the winter drawdown association with the mean depth was less than 20%.
Fifteen lakes of the 81 survey lakes were provisionally designated as heavily
modified lakes; 14 of these were designated when the winter drawdown
association with the mean depth was used as a criterion. Only Lake
Kiantajärvi, where the winter drawdown was larger than 3 m, was not
designated  on  the  grounds  of  the  winter  drawdown  association  with  the
mean depth. Both criteria are clearly needed, because in large and deep
regulated lakes winter drawdown can be very extensive before the 50%
threshold association with the mean depth is achieved.
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Based on the final designation of the Finnish Environment
Administration, 13 of the 15 identified lakes were designated as heavily
modified (Hertta database 2016, Finnish Environment Administration).
Lakes Irnijärvi and Kostonjärvi were assessed as having good ecological
status, and therefore the basis for the designation was not available. There
were two reasons why Lake Irnijärvi had better ecological status than
expected. First, only the middle area of the lake suffered from maximum
winter drawdown, because the bottom weirs prevented full winter drawdown
in other lake areas. Aquatic MPs indicated good ecological status, because
they were partly sampled from the bottom weir-impacted areas. The BIs were
not sampled, but they may also have indicated good status for the same
reason. Secondly, the boundary values for the designation were no longer
fulfilled, because the winter drawdown had decreased to less than 3 m. Lake
Kostonjärvi is an example of a lake in which ecological classification does not
recognize this significant pressure. Samples of phytoplankton and bottom
BIs indicated good status. Although the aquatic MPs indicated moderate
status, Lake Kostonjärvi is in good ecological status, based on an average of
three biological quality elements. The results could have been different if the
BIs had been sampled from the littoral zone or the OoAo principle applied.
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6. CONCLUSIONS
Our results indicate that hydromorphology strongly influences ecological
status and that artificial water-level regulation is a major
hydromorphological  pressure  in  boreal  lakes.  The  impact  of  WLF  on  the
MPs, BIs, and FI species composition was clearly evident. The threshold for
less than good ecological status was a 3.5-m water-level drawdown in winter
with  the  average  EQR  assessment  method  (1.8  m  with  the  OoAo  principle
EQR method). The implementation of the WFD, including metrics
development, has mainly focused on eutrophication and acidification and to
a lesser degree on hydromorphological pressures (Solheim et al., 2008;
Hering  et  al.,  2010).  Effort  should  be  spread  more  widely  to  recognize  and
cover  all  impacting  pressures.  We suggest  that  monitoring  of  BIs  and  FI  in
boreal  regulated  lakes  should  focus  on  the  littoral  zone.  In  case  of  multiple
pressures,  e.g.  nutrient  loading  in  addition  to  winter  drawdown,  specific
metrics for both pressures should be applied or stressor-nonspecific
assemblage metrics used (e.g. Hawkins, 2006; Kanninen et al., 2013).
Helophytes are often neglected in aquatic MP surveys, due to their poor
response during eutrophication. However, they are useful in the assessment
of hydromorphological pressure and general degradation (Dudley et al.,
2013;  Ecke  et  al.,  2016).  Moreover,  helophytes  are  the  part  of  the  littoral
ecosystem most visible to landowners and water users and therefore attract
public  interest.  The  vertical  extension  of Phragmites was  most  strongly
associated with the water-level fluctuation of open water period (OWP),
followed by Carex spp. and Equisetum. Overall, the RF models explained
4--41% of the variation observed in the helophytes zones. The models
indicated  that  OWP  fluctuation,  slope,  openness  and  cover  of  other
macrophyte groups were key factors explaining the extent of the helophyte
zones. OWP fluctuation was the most important variable for zonation of
Carex spp. and the upper limit of Phragmites. Slope was the most significant
variable for the lower limit of Equisetum and Phragmites. Our study
demonstrates the importance of natural habitat-level variability for
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increasing confidence in quantifying the environmental impacts of
hydropower  production.  This  approach  could  be  used  in  future  impact
assessments of new water-level regulation practices.
The importance of bottom substrate was also noted in Phragmites stands,
where the increase in sediment organic matter seemingly reduced the growth
and biomass (above and below the bottom) of Phragmites and decreased the
C/N ratio of the sediment. Most of the MP assessment methods in the central
Baltic and Northern Geographical Intercalibration Group do not include the
quantitative aspect of the MP community (MP abundance), but deal only
with species composition. Therefore, a future task would also be to include
the MP abundance metrics, possibly the depth of colonization (Poikane et al.,
2011).
The WFD states that hydromorphological elements contribute to status
classification only at high ecological status. The WFD also prevents
deterioration in the status of waters, so high-hydrological status lakes should
remain in high hydrological status. Our results showed that WLF parameters
can be used independently in assessment of high-hydrological status lakes
and heavily  modified  lakes.  In  20% of  the  regulated  lakes,  the  hydrological
regime reflects totally or nearly totally undisturbed conditions and can thus
be classified as high hydrological status. Lakes in high hydrological status
often face other anthropogenic pressures, such as diffuse loading. As a result,
the ecological status of lakes was quite often poorer than the hydrological
status. Therefore, our results are difficult to verify; however, lakes with very
low numbers of other pressures seemingly were both in high ecological status
and high hydrological status.
In  contrast,  nearly  20%  of  the  regulated  lakes  could  be  designated
provisionally as heavily modified lakes, in accordance with the WFD.
Designation as an HMWB implies lower environmental objectives and costs
for water users, thereby attracting public interest. In general, provisional
designation with hydrological criteria seemed to work quite well, because 13
of the 15 lakes were estimated similarly with simple hydrological criteria and
wider HMWB designation procedures (CIS, 2003b). Identification of high-
hydrological status lakes and designation of HMWBs should be revised every
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6 years. Water-level parameters are cost-efficient tools for preliminary
identification of those lakes in which more detailed analysis for hydrological
status assessment and HMWB designation is needed. In particular, this
applies to HMWBs, where new ones can be designated and old ones
excluded, that were already designated in previous RBMP cycles.
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Appendix 1/1. Hydrological status assessment of 205 lakes. Lake type R =
Regulated water-level fluctuation (WLF) and N = natural WLF.
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Appendix 1/2. Hydrological status assessment of 205 lakes. Lake type R =
Regulated water-level fluctuation (WLF) and N = natural WLF.
